Double-stranded RNA bacteriophage 6 has an envelope surrounding the nucleocapsid (NC). The NC is composed of a surface protein, P8, and proteins P1, P2, P4, and P7, which form a dodecahedral polymerase complex enclosing the segmented viral genome. Empty polymerase complex particles (procapsids) package positive-sense viral single-stranded RNAs provided that energy is available in the form of nucleoside triphosphates (NTPs). Photoaffinity labelling of both the NC and the procapsid has earlier been used to show that ATP binds to protein P4 and that the NC hydrolyzes NTPs. Using the NC and the NC core particles (NCs lacking surface protein P8) and purified protein P4, we demonstrate here that multimeric P4 is the active NTPase. Isolation of multimeric P4 is successful only in the presence of NTPs. The activity of P4 is the same in association with the viral particles as it is in pure form. P4 is an unspecific NTPase hydrolyzing ribo-NTPs, deoxy NTPs, and dideoxy NTPs to the corresponding nucleoside diphosphates. The 
One of the key events in virus assembly is the specific recognition of the viral nucleic acid in the host cell and its subsequent packaging to the viral particle. Isometric viruses package their nucleic acid either by condensing it inside the assembling virus capsid or by translocating the nucleic acid to a preformed viral particle. The latter mechanism is best understood for double-stranded (ds) DNA bacteriophages (7) , where the DNA is inserted into the preformed head through a portal vertex of approximately the same size, structure, and function (3) . The DNA translocation and condensation reaction is driven by a virus-specific ATPase (4) . During DNA packaging, the viral capsids undergo conformational changes (expansion) which lead to a more stable mature capsid conformation (8) . The assembly (RNA packaging) of tobacco mosaic virus, a helical RNA virus, has been studied in great detail (6, 9) , but our knowledge about the packaging of the spherical RNA viruses is still rather limited.
Bacteriophage 6 is an enveloped dsRNA virus of Pseudomonas syringae (37) . Its genome consists of three dsRNA segments, L (6,374 bp), M (4,063 bp), and S (2,948 bp), which are packaged into a dodecahedral RNA polymerase particle (procapsid) composed of four protein species, namely, P1, P2, P4, and P7 (25) . The polymerase particle is surrounded by a major nucleocapsid (NC) coat protein, P8. The NC resides inside the virus envelope (22) . All the proteins of the polymerase complex particle are encoded from the genomic L segment (10) . Protein P1 forms the dodecahedral cage with which the other three proteins are associated (24, 30) . Protein P2 is necessary for RNA synthesis and has homology to RNA polymerases found in other dsRNA and positive-strand single-stranded (ss) RNA viruses (5, 19, 21, 23 ). An in vitro assembly pathway using purified components and leading to infectious NCs has been established (29, 32, 33) .
Expression of the cDNA copy of the genomic L segment in Escherichia coli leads to the assembly of an empty dodecahedral RNA polymerase complex (procapsid) (16) . These recombinant procapsids package the positive-sense ss genomic segments in an ATP-or dATP-driven reaction (17) . The RNA packaging signal is located in a noncoding region at the 5Ј terminus of each genomic segment (13, 15) . After the packaging reaction, negative-strand synthesis takes place inside the polymerase particle with the packaged positive strands used as templates, provided that all four nucleoside triphosphates (NTPs) are present (17, 36) , and then positive-strand synthesis occurs (26, 36) . The RNA replication cycle is tightly regulated (11, 12, 34) .
Protein P4 has an NTP-binding motif and has been shown to bind ATP by using a photoaffinity analog of ATP. Also, the entire NC has been shown to hydrolyze all four NTPs to nucleoside diphosphates (NDPs) (18) . Protein P4 is accessible on the NC surface (27) and can be released from the NC as a multimer by EDTA treatment (30) . Treating the NC with P4-specific monoclonal antibodies releases both proteins P4 and P8 and enhances the plus-strand synthesis (transcriptional) activity of the RNA polymerase (27) . This indicates that P4 is not directly involved in positive-strand RNA synthesis. A cDNA copy of the L segment of the temperature-sensitive gene 4 mutant (ts411 [35] ) has been made (24a). Additionally, the NTP-binding region of gene 4 has been inactivated by site-directed mutagenesis (24a). The polymerase complex particles produced from cDNA copies of these mutant L segments would be ideal for direct demonstration of the involvement of P4 in packaging. However, no P4-containing particles are produced from cDNA constructs containing these mutations (tested in both the Mindich and the Bamford laboratories) (unpublished data). The formation of the polymerase complex particles seems to involve an interaction between proteins P1 and P4, and this interaction may require NTP binding or hydrolysis by protein P4.
To obtain more-detailed biochemical and structural information on the key assembly events of bacteriophage 6, such as RNA-protein recognition, RNA packaging, and negativeand positive-strand syntheses, we are dissecting this part of the 6 assembly pathway into several steps. In this report, we describe the biochemical properties of protein P4, which is the only 6 RNA polymerase complex protein that specifically bound ATP in photoaffinity labelling experiments (18) . The procapsid (RNA polymerase complex) RNA encapsidation reaction is absolutely dependent on the presence of NTPs (17) . P4 is the only NTPase discovered in the polymerase complex. Also, the NTP specificity spectrum for the RNA encapsidation reaction described elsewhere (11) is identical to that described in this communication. Therefore we postulate that the P4 NTPase activity is responsible for providing the energy for the 6 RNA translocation and condensation reaction. For the subsequent replication cycle events, see references 11, 12, 26, 34, and 36.
MATERIALS AND METHODS
Preparation of NC and NC core particles. Bacteriophage 6 (wild type) was propagated in P. syringae pv. phaseolicola HB10Y cells (37) . The virus was purified and NCs were isolated by extraction with the nonionic detergent Triton X-114 as previously described (27) . The NCs (Fig. 1, lane 1) were sedimented through a 20% sucrose cushion in 20 mM Tris-HCl, pH 7.5 (Sorvall T-865 rotor, 115,600 ϫ g av , 10ЊC, 3 h) and resuspended in 20 mM Tris-HCl, pH 7.5. In vitro removal of protein P8 from the NC to obtain the NC core particles (Fig. 1, lane 2) was performed as described elsewhere (28) by chelating Ca 2ϩ with EGTA [ethylene glycol-bis(␤-aminoethyl ether)-N,N,NЈNЈ-tetraacetic acid]. The NC and the NC core preparations were stored in aliquots at Ϫ80ЊC. These NC and NC core preparations were used in an NTPase cosedimentation assay in which the particles were sedimented in 5 to 20% sucrose gradients (1 mM ATP; 20 mM Tris-HCl, pH 7.0; 1 mM MgCl 2 ; 200 mM KCl) (Sorvall TH641 rotor, 110,600 ϫ g av , 50 min, 15ЊC). The gradient fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (31) and assayed for NTPase activity (see below).
NTPase assay. The unlabelled ribo-NTPs (rNTPs) were purchased from Boehringer Mannheim, and deoxy NTPs (dNTPs) and dideoxy NTPs (ddNTPs) were from Pharmacia. The minimal conditions for the NTPase reactions with NC (in 25 l) were the following: 50 mM Tris-HCl (pH 7.5), 1 mM NaN 3 , 4 mM unlabelled NTP, and 0.5 Ci of the relevant ␥-32 P-labelled NTP (30 or 3,000 Ci/mmol; Amersham). The optimized mixture also contained 0.5 mM CaCl 2 and 0.2 mg of bovine serum albumin (BSA) per ml. When the NC core or the purified P4 multimer was used as the enzyme, the CaCl 2 concentration was raised to 1.0 mM. Because of the isolation procedure, 4 mM residual NaCl was present in the assay mixture with the NC core. When Ca 2ϩ was included in the reaction mixture, the reaction time was 30 min at 45ЊC. When Ca 2ϩ was not present, the reaction time was increased to 1 h. The quantity of hydrolyzed NTP was determined essentially as described elsewhere (14) by using activated charcoal (Norit A), which binds nucleotides and leaves released phosphate groups unbound. A 215-l volume of a mixture containing 3.16% Norit charcoal, 0.16 M HCl, 0.16 mg of BSA per ml, and 0.16 M potassium phosphate (pH 6.7) was added to the reaction mixture. The mixture was kept on ice for 5 min and then centrifuged, and 205 l of the supernatant containing unbound phosphate groups was removed. The charcoal treatment was repeated by adding 33 l of 20% Norit to the supernatant. After a 5-min incubation on ice, the mixture was centrifuged and 200 l of the supernatant was removed for liquid scintillation counting. To determine Michaelis-Menten constants (K m ) for NTPs, initial reaction velocities were measured in duplicate at four or five different concentrations of the substrates in the range of 10 to 80% of the saturating concentrations. K m values were determined by means of Lineweaver-Burk plots.
Disruption of the NC to obtain homomultimeric P4. The NC particles at 750 g of protein per ml (total, 375 g of protein) were disrupted in a solution containing 0.75 mM MgCl 2 , 0.25% Triton X-100, 25 mM EGTA, 150 mM NaCl, and 50 mM KCl and with or without 1 mM ATP. After a 1-h incubation at 24ЊC, the mixture was layered onto a 5 to 20% sucrose gradient (20 mM Tris-HCl, pH 8.0; with or without 1 mM ATP) and centrifuged (Sorvall TH641 rotor, 159,200 ϫ g av , 28 h and 25 min, 5ЊC). After centrifugation, the gradient fractions were analyzed by SDS-PAGE and assayed for NTPase activity. The reaction mixtures (25 l) contained 1 mM NaN 3 , 4 mM ATP, and 66 mM Tris-HCl (pH 7.5). To the remainder of the fractions BSA was added to a final concentration of 1 mg/ml, and the material was stored in aliquots at Ϫ80ЊC. Thin-layer chromatography. ATP cleavage products were identified by thinlayer chromatography. A 0.7-Ci amount of [␣- 32 P]ATP (400 Ci/mmol; PB 160; Amersham) was incubated with the sample under the NTPase assay conditions. A 5-l volume of the reaction mixture was spotted onto a plastic-backed polyethyleneimine-cellulose sheet (Baker) and developed by ascending chromatography in 1 M formic acid-0.25 M LiCl. The sheets were dried and exposed to X-ray film. To determine whether dNTPs, ddNTPs, and the noncleavable analogs adenylyl (␤,␥-methylene)-diphosphonate (AMP-PCP; Sigma) and guanylyl (␤,␥-methylene)-diphosphonate (GMP-PCP; Boehringer Mannheim) were hydrolyzed, assays were carried out with unlabelled NTPs. After chromatography, the sheets were dried and the reaction products were visualized under UV light.
RESULTS
Homomultimeric P4 is the 6 virion-associated NTPase. When the NC and the NC core particles were sedimented through sucrose gradients, the NTPase activity always cosedimented with the particle peak (data not shown). When the NC particles were disrupted with EGTA, the outcome of the experiment was dependent on the presence of NTP (ATP). When ATP was present both in the disruption mixture and in the gradient, homomultimeric P4 was obtained. In the absence of ATP, monomeric and lower multimeric forms of P4 were detected (Fig. 2) . The enzymatic activity was associated only with the multimeric form obtained in the presence of ATP. In repeated experiments, the NTPase activity always peaked with P4 and it was independent of the presence of proteins P1 and P2 (an overloaded gel where the minor proteins can be detected is shown in Fig. 2b and c) . The P4 multimer obtained from an optimized sucrose gradient separation of dissociated NC proteins was relatively pure (Fig. 1, lane 3) . This material was used in the biochemical measurements. In all the cases when the NC and the multimeric P4 were assayed and the NTPase activity was normalized to the amount of P4 (densitometry based on image analysis of SDS-PAGE), approximately equal specific activity was observed (data not shown). The apparent molecular mass of the P4 multimer in the presence of ATP was about 130 kDa as determined by rate zonal centrifugation similar to that shown in Fig. 2b with DNase I (31 kDa); BSA (68 kDa); aldolase (161 kDa); and 6 proteins P1 (85 kDa), P2 (75 kDa), P5 (23 kDa), P7 (17 kDa), and P8 (16 kDa) as standards. This would indicate a tetramer; however, the method is sensitive to the asymmetry of the particle. The multimeric P4 was devoid of RNA as determined by agarose gel electrophoresis of the gradient fractions. Addition of dsRNA to a reaction mixture containing multimeric P4 had no significant effect, while addition of 200 ng of 6 plus-sense S segment enhanced the NTPase activity of the P4 multimers about 1.3-fold (data not shown).
Reaction conditions for NTPase activity. The above-mentioned results show that the NTPase activity found in the NC and the NC core preparations of 6 is associated with protein P4. After purification of protein P4, the NTPase activity was present only in the homomultimeric protein. The reaction rates observed were a linear function of the enzyme concentration and the reaction time. When the reactions were allowed to proceed at 40ЊC for 1 h, the NC (0.9 g of protein) hydrolyzed 21 to 39% of the added 100 nmol of ATP, resulting in a reaction rate (under minimal conditions) of about 3 to 4 mol of ATP hydrolyzed per mg of P4 per min. The effects of different conditions and additives for the NTPase reaction are shown in Fig. 3 and Table 1 . Originally the reactions were carried out with NC, but subsequently NC core and purified The P4 NTPase is influenced by divalent cations and specifically requires Ca 2؉ for maximal activity. The divalent-cation requirements of the NTPase activity were studied by addition of Mg 2ϩ and Ca 2ϩ ions and the chelating agents EDTA and EGTA (Fig. 4) . EDTA abolished the activity completely when NC was used as an enzyme (Fig. 4a ). However, with purified P4 some 10% residual activity was observed when up to 5 mM EDTA was added. Addition of EGTA reduced both the NC and P4 NTPase activities about 40%, with no further reduction up to the 5 mM concentration tested (Fig. 4b ). Mg 2ϩ ions had an inhibitory effect (about 50%) similar to that of EGTA (Fig. 4c) , but Ca 2ϩ ions strongly activated (up to sevento eightfold) the NTPase (Fig. 4d) . The results were similar with purified P4 homomultimers, but the stimulation was not as strong as it was with NC (data not shown).
The effect of Mn 2ϩ ions was also tested (Table 1) and was very similar to that of Mg 2ϩ ions, except that only 0.1 mM was needed to reduce the reaction about 50% (tested with both the NC and the NC core [data not shown]). Zn 2ϩ ions could also activate the NTPase (Table 1 ), but the maximal activity obtained was about 50% that achieved with Ca 2ϩ ions. A competition experiment with Mg 2ϩ and Ca 2ϩ ions was also carried out. The NC preparation was incubated with 0.5 mM Ca 2ϩ or 0.5 mM Mg 2ϩ for 10 min at 23ЊC before addition of increasing concentrations of the other ion. The concentration of the ion to be chased was 0. , with binding affinities for these two ions being about equal.
P4 is an unspecific NTPase. The K m values for the NC and the NC core NTPase were determined for ATP, GTP, and UTP. The values obtained for all these NTPs were in the range of 0.2 to 0.3 mM. No specificity for ATP was detected. The NTP specificity of the enzyme was further studied by thin-layer chromatography, by which the cleavage products could be detected. The enzyme can cleave all rNTPs, dNTPs and ddNTPs to corresponding NDPs. AMP-PCP and GMP-PCP, the purine analogs with noncleavable ␥-phosphate, were not cleaved. NTP competition experiments with all the rNTPs and the dNTPs are shown in Table 2 . With the NC, the competing NTP must be present at higher concentrations than with the NC core to reduce the cleavage of the labelled NTP to one-half. CTP and dCTP are the weakest competitors, UTP and dTTP being the next. ATP, dATP, GTP, and dGTP are the strongest competitors, indicating a somewhat higher binding affinity for the purine NTPs.
DISCUSSION
In this investigation we have shown that only the homomultimeric form of purified protein P4 isolated in the presence of ATP has NTPase activity. This indicates that the NTP-bound conformation of the protein favors the associated state, whereas the NTP-free form favors a conformation whereby the subunits easily dissociate. This might be the reason for the failure in obtaining P4-containing recombinant particles when the NTP-binding site was mutated (see the introduction).
We have demonstrated that the NTP-binding site(s) is a low-affinity one and a modulatory divalent-cation binding site(s) is associated with protein P4. The NTPase activity of the NC and the NC core particle is identical to that observed with the purified P4 homomultimer. The unspecific nature of the NTP hydrolysis was shown with rNTPs, dNTPs, and ddNTPs, although the purine NPTs were stronger competitors than the pyrimidines in an NTP competition assay. We also confirmed that the reaction product was NDP (18) . The Mg 2ϩ -Ca 2ϩ competition experiments (Fig. 5 ) and the inhibition caused by EGTA and Mg 2ϩ suggest a common binding site in protein P4 with about equal binding affinity for both of these divalent cations. The EGTA effect also indicates the presence of a small number of bound Ca 2ϩ ions in the purified P4 preparation. The presence of millimolar quantities of ATP or GTP in the NC or the NC core preparation stabilizes the particle integrity (28) . The binding of NTPs also causes a conformational change in the NC that can be detected by P4-and P8-specific monoclonal antibodies (28) . It is obvious that in addition to having an energy-providing role, NTPs also make a significant contribution to the polymerase particle (and NC) structure and regulation (26, 28) . The high reaction temperature tolerated by the P4 NTPase agrees with the earlier Raman spectroscopic results (2) which showed the NC and the NC core to be quite thermostable. First, at temperatures higher than 70ЊC denaturation of the NC and the NC core, loss of native ␣-helical structure, and aggregation of proteins could be detected. The observed inactivation (at about 70ЊC) can be due either to conformational changes in P4 or to dissociation of P4 multimers, resulting in the loss of NTPase activity.
The NTP-binding and cleavage conditions for protein P4 described in this report closely resemble conditions for the NTP-dependent RNA packaging reaction assayed with recombinant empty procapsid particles (11) . Both activities are devoid of a sharp pH optimum, and all the NTPs hydrolyzed by P4 can also support RNA packaging. In addition, purine NTPs are slightly favored over pyrimidines in both cases. We could not detect any NTPase activity other than that associated with P4 in the polymerase complex. We conclude that P4 most probably is the 6 packaging NTPase responsible for providing the energy needed to translocate and condense the positivestrand genomic segments into the procapsid particle, as has also been suggested previously (18) . Unfortunately, at least so far it has not been possible to use recombinant particles with defective P4 to directly determine the P4-packaging relationship as they do not assemble into particles.
Biochemical pathways in the cells seem to be largely associated with protein assemblages rather than individual isolated protein species. Most of such complexes include one or more proteins that undergo conformational changes driven by NTP hydrolysis (1) . One of the roles of such conformational changes is to allow the protein to act as a molecular motor. The NTP hydrolysis drives the conformational changes of a protein and hence allows it to do mechanical work. Recently it has also been shown that in the 6 system, NTP addition induces conformational changes in the NC, resulting in altered accessibility of protein P4 epitopes (28) . These might be reflections of the dynamism of P4 needed in the RNA encapsidation reaction.
